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IN HONOR OF C. N. R. RAQ ON HIS 60TH BIRTHDAY

Homologues of the orthorhombic form of Mo,0y;, belonging to
the series M 450344, have been prepared in the Mo—W-0 sys-
tem and structurally characterized by X-ray powder diffraction
and electron microscopy. The structures are built up of corner-
sharing MO, octahedra in ReQs-type slabs of characteristic width
m and alternatingly mirrored orientation, connected by MO, tei-
rahedra along planes where pentagonal tunnels are formed. The
structures can be designated by [m,m]. The phases (Mo, W);01;,
(=[6,61), and (Mo, W)sOas (=[7,7]) were obtained almost pure and
slabs of other widths, intergrown in more or less disordered fash-
ion, were frequently observed by HREM. Slabs in parallel orienta-
tion, as in Mo,0;,(mon}, have also been seen, as well as a coher-
ent boundary across which the structure [6,6] changes into
""'[5,7]. © 1994 Academic Press, Inc.

INTRODUCTION

The reduced oxide MosO;, occurs in two modifica-
tions; one with a monoclinic structure that forms below
~600°C and the other with an orthorhombic lattice ob-
tained above that temperature (1). The structures of these
are similar; both consist of slabs of the ReQ; type cut
parallel to {211}, six octahedra wide along two subcell
axes and mutually connected by Mo, tetrahedra across
the slab boundaries, as shown in Fig. 1. They differ in the
relative orientation of the slabs; in the monoclinic form
(2) all the slabs are in the same orientation, while in the
orthorhombic modification (2-4) every second slab is
mirrored. Both modifications can be considered as mem-
I rs of homologous series (2), with the general formula
M, 20,4, where the members differ in the width of the
slabs, expressed in terms of the number of octahedra, m
{Fig. 1). The ordered stacking sequence can conveniently
be expressed by [m1] for the monoclinic series and [m,m)
for the orthorhombic one. This also allows more complex
stackings to be described. The two MosO (=MogOy)
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phases both have m = 6 and should thus be designed [6]
and [6,6].

No other members of these series have been prepared
in the binary Mo-0 system. It was recently found, how-
ever, that if some molybdenum is replaced by tungsten,
homologues of the monoclinic form can be synthesised
(5). By gentle reduction at 350°C of the mixed ReO;-type
oxide Moy 7»W;1505, the ordered members [7] and (8]
were thus obtained and disordered tragments with m val-
ues ranging from 2 to 9 were ohserved by high-resolution
electron microscopy (HREM).

Among the monophosphate tungsten bronzes, exten-
sively investigated by the Caen group, the members of
the *“"MPTBy" family are isostructural with the
orthorhombic [s2,72] phases (6~11}. The general formula
of these is (PO,:(WO,),, and PO, tetrahedra replace the
MoQ, tetrahedra in Mo,O(o-rh). Phases with sz values
ranging from 2 to 11 have been prepared, while crystal-
lites or microphases representing even higher members
have been observed by HREM (7, 9). The member m = 5
forms a notable exception as its structure turned out to be
[4,6] rather than [5,5] (7). Phosphate niobium hronzes,
A, (PO.),(NBO,),,, of the same structure type but with
alkali in the pentagonal tunnels, have also been prepared
recently (12—14). Monophosphate tungsten bronzes of
the monoclinic series, represented by [m], are also
known, but only with alkali in the hexagonal tunnels (see
Ref. (15) for a review).

The two Mo40;; modifications, as well as the purple
molybdenum bronzes, ApsM0g0;7, with a related struc-
ture, have attracted considerable interest in the last years
because of their quasi-two-dimensional electrical trans-
port properties and charge density wave instabilities (16).

We have made preparations of samples in the Mo-W-—
O system by conventiopal high-temperature synthesis
and found ordered and disordered homologues of the
orthorhombic series, which are reported below. Some
preliminary results were presented at SCANDEM 93
(17).
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FIG. 1. Idealized structure models of monoclinic (a) and orthorhombic (b, left part) Mo,Qy, seen along [010] with a ~5.4-A repeat. Octahedra at
two levels, differently shaded, are connected by corners to form ReQOy-type slabs, infinite in two dimensions. The slabs are connected by tetrahedra
at two levels (shown as triangles) along vertical planes, giving rise to "*hexagonal” tunnels in the monoclinic form and **pentagonal’’ ones in the
orthothombic. In (b} the orthorhombic unit cel! is outlined {«, horizontal; ¢, vertical). The widih of the slabs can be expressed by the number of
octahedra, m, along strings, two of which are heavily outlined in each model. In both these structures m = 6. In the right part of (b) slabs of different
widths are shown. The rightmost slab, with m = 8, is moreover split in its lower part into two slabs with m = 3, resulting in a local intergrowth of
the monoclinic structure. To correspond to the HREM observations it must be assumed that the real structure relaxes around this defect,

EXPERIMENTAL

One sampie (A) of composition Mo, W, ;0,5 was pre-
pared from a mixture of appropriate amounts of MoQO,,
Mo(,y and WO,. Two other samples (B and C) were made
with the composition Mo;WQ,,. B was prepared from
MoQO;, WO;, and W metal powder, while Mo metal was
used instead of W for sample C. The finely ground mix-
tures were enclosed in silica tubes that were evacuated
and heated in a programmable furnace at 600°C (4 and B)
or 400°C (') for 1 day and at 800°C for 3 days and then
cooled at a rate of 300°C/hr. It was noted that a slight
escape of MoQj; from the reaction mixtures had taken
place as a crystalline deposit was observed at the top of
the silica tubes.

The samples were investigated by recording their X-
ray powder diffraction patterns at room temperature in a
Guinier—Hiigg focusing camera using CuKe; radiation
and Si as an internal standard (¢ = 5.4301 A). The films
were evaluated in an automatic film scanner system (18).

HREM studies were made at 200 kV accelerating volt-
age in a JEOL JEM-200CX transmission electron micro-
scope equipped with a double-tilt, top-entry specimen
stage. The specimens were crushed in a mortar, dis-
persed in n-butanol, and collected on holey carbon films
supported by copper grids. Images were simulated using
a local version of the multislice program suite SHRLI
(19).

RESULTS

1t was clear from the appearance of electron diffraction
(ED) patterns and HREM images of the samples that they

contained ordered crystals of the [6,6] and [7,7) homo-
logues. In addition, other sequences as well as defects
and disordered crystallites were occasionally found, as
will be described in a subsequent section, Given this evi-
dence, the X-ray diffraction patterns could be evaluated
and the main constituents identified.

Sample A showed an almost single-phased pattern very
similar to that of orthorhombic MosO;; with the umi-cell
dimensions a = 24.505(3) A b= 5.4608(6) A, ¢ =
6.7589(6) A, V = 904.5 A3. These values can be compared
with the cell dimensions of the pure molybdenum oxide,
a=724.4726(15) A, b = 5.4567(3) A, ¢ = 6.7510(6) A, V =
901.51 A%, The substitution of tungsten for ~20% of the
molybdenum in Mo4Qyi(o-ch) thus causes a ~0.3% in-
crease of the unit cell,

Sample B was found to be a mixture of phases. One of
these was (Mo, W),Oy(o-th}), identical with the one found
in sample A. A second phase was the [7,7] homologue,
i.e., (Mo, W)y0,s(0-rh), with the unit-cell dimensions a =
27.641(4) A, b = 5.4474(5) A, ¢ = 6.7369(7) A, a =
90.20(1)°, V = 1014.4 A3 Traces of MoO, were also
found. The unit-cell dimensions of the MosO-type,
[6,6]-phase were practically the same as those in A.

Sample € of the same overall composition contained
mainly (Mo,W);0,s(o-th) in addition to traces of MoO,.
The [7,7]-phase had the unit-cell dimensions a =
27.632(5) A, b = 5.4453(6) A, ¢ = 6.73767(T) A, o =
90.17(2)°, V = 1013.8 A3. The small monoclinic distortion
of the lattice of this phase, in contrast to that of [6,6], was
cicarly evidenced in the powder patierns and has also
been found in a single-crystal investigation (20). This de-
viation from orthorhombic symmetry was too small to be
obvious in the ED patterns. (It has not yet been possible
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1o record convergent beam patterns of these crystallites.)
The unconventional setting of the cell is chosen to keep
the axes orientation the same for all these phases.

Our ED studies revealed that all samples also con-
tained minor fractions of crystallites with a crystallo-
graphic shear (CS) structure, (Mo, W),0s,—,, with n =
10-12 (21). B

Typical ED patterns of the [7,7] phase in three projec-
tions and, for comparison, also one of the [6,6] phase in
[001] orientation, are shown in Fig. 2. There are distinct
features in all these projections to make identification
easy. The difference is particularly marked in the [001]
projection (with a pseudo-hexagonal subcell), where the
a axis due to the symmetry appears halved in the even-m
members but not in those with odd m. In this projection
the number of (possible) spots along a* between the
strong sublattice reflections is (m + 1) for the even-m
members and (2m + 3) for the odd members. _

An HREM image of an ordered crystal of the [7,7]
phase in [010] projection is shown in Fig. 3 with a simu-
lated image inserted. The straight strings of seven octahe-
dra connected by tetrahedra form a typical zigzag pattern
of dots, which are just at the limit of resolution in this
projection. The pentagonal tunnels separating the tetra-

[010]|

FIG. 2.
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FIG. 3. HREM image of an ordered (Mo, W)sOys (=[7,7]) fragment
in the [010] projection. A simulated image is inserted in the right bottom
corner (defocus, —400 f\; thickness, ~65 A; spherical aberration, 1.2
mm; aperture radius; 0.41 A-N.

hedra along the ¢ direction appear as white dots, particu-
larly in the thicker parts. These images are very similar to
those published by Domenges et al. for the corresponding
phosphate tungsten bronzes (9).

Variation in the thickness of the ReOs-type slabs is

ED patterns of (Mo, W)Q2s (/m = 7} in three projections (a-c} and (Mo, W),0, (m = 6) (d).
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FIG. 4. HREM image of a disordered fragment from sample A. The
{(probable) widths and orientations of the slabs are indicated.

frequently seen, In addition, the slabs that are wider than
seven octahedra are often split into two thinner slabs in
parallel orientation in part of their length, thus forming a
local intergrowth of the monociinic form (see Fig. 1b). An
example of a rather disordered crystal is shown in Fig. 4.
Here the width of the slabs varies between m = 3 and
m = 9 and monoclinic intergrowth is also evident.
Figure 5 shows an interesting feature found in a crystal
from sample A. The upper part of this image is of a regu-
lar [6,6] type. The lower part, however, is mostly [5,7].
There is an almost horizoatal boundary (marked by ar-
rows) between these two parts where the ¢ axis swings by
~5°. A close analysis of the boundary region reveals that
there are strings of octahedra that terminate at the bound-
ary, recalling the dislocations at a low-angle grain bound-
ary. A model of the boundary structure is given in Fig. 6.
The [5,7] structure should have the same length of the
unit cell axes as [6,6], but the symmetry is monoclinic
with a 8 angle of approximately 95°. The [3,7] structure is
not regular, however. A careful measurement in the im-
age reveals that approximately 20% of the thicker slabs
are wider than the rest and have m = 8 instead of 7.
These 8 slabs are more or less randomly distributed.
They are almost invariably split along part of their length
into two thinner slabs in parallel orientation, and thus
correspond to an intergrowth of the monoclinic family.

KIHLBORG ET AL.

The sequence can thus be
[...,5.7,5,7,5,8,5,

s L ]e
[--5!5,

=~ ~1]

’5!
5

'-.ll:-ll
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In a couple of places an 8 slab seems to be unsymmetri-
cally split into 2, 4 but only for a short stretch, being
unsplit in the surroundings and normally split into 3, 3
further away (Fig. 7). A model of this splitting of an § slab
is shown in Fig. 1b (to the right).

Evidence of more or less ordered superstructures has
been found occasionally. The excerpt from an ED pattern
in Fig. 8 is an example. Here, the main spots correspond
to a [6,6] structure, but fairly sharp reflections between
these indicate a superstructure with a ~200 A repeat.
This superstructure is not evident in the corresponding
HREM image, however, and its origin is therefore pres-
ently unknown.

DISCUSSION

This investigation has shown that homoiogues of
orthorhembic Mo,Oh; can be prepared in the ternary Mo—
W-0 system. So far only one new member, MyO,s, with
m = 7, has been prepared as a reasonably pure phase,
while thicker as well as thinner slabs have been seen in
disordered stackings. Only two compositions and essen-
tially one temperature of synthesis have been investi-
gated, however, and it is possible that other homologues
can be obtained by extension of these studies to other
compositions and temperatures. Such an investigation is
in progress.

The fact that sample A, with a weighed out composi-
tion of MO, 55, gave an almost pure sample of M,0y,
while sample C, with a lower average composition of
MO; 15, pave MoO,s, shows that it is difficult to adjust the
oxygen content to fit a particular member of the series. It
is probable that the considerably higher tungsten content
of sample C favors a higher member. A determination of
the actual Mo/W ratio of individual crystallites in relation
to their structure has not yet been made but is planned.

It seems to be a fairly general observation that a substi-
tution of tungsten for part of the molybdenum in binary or
ternary molybdenum oxides stabilizes wider ReO;-type
elements. It applies to the homologues of monoclinic
Mo.0,; (m = 6), of which the members with m = 7 and 8
have been observed in W-containing samples (5). It is
also true for the homologous series Mo, 0,,_; with {102}
CS structures where only the members having » = 8 and
9 are known in the pure Mo-0 system (22), while phases
with n < 14 have been prepared in the Mo-W-0 system
{21). Finally, it has been found for the homologous series
UO - M,0,,.,, with structures comprising slabs of the
ReQ; type of widths proportional to », separated by pen-
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FIG. 5.
(001). In the upper part the structure is [6,6] and in the lower part it is [5,7] with frequent replacement of 8 slabs for 7 in a disordered way (indicated
by arrows). The 8 slabs are consistently split into two thinner slabs in monoclinic stacking along part of their length.

tagonal or hexagonal tunnels containing uranium (and ox-
ygen) (23). Here the members with # = | and 2 form
when M = Mo while the phases having n = 3-5 have
been obtained with M = (Mo, W).

The formation of practically onty [m,#] structures in
the present high-temperature syntheses, while [m] phases

FIG. 6. A model of the boundary structure in Fig, 5.
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An HREM image of a crystal from sample A, showing two different {m,m] structures seen along [010], coherently intergrown along

were obtained in low-temperature experiments (5), is
consistent with the fact that Mo,0,{(mon) forms below
~600°C and Mo,0,(o-rh) above that temperature (1). It
is of note that the higher homologues have not been ob-
served before, although the corresponding area of the
Mo-W-0 system has been the subject of previous phase
analysis studies (24, 25). Ekstrom et al. (25) found
“Mo,0,;(mon)”’ in polyphasic samples Mo W, 075
with x = (1.05, which had been heat treated at 600°C, and
“Mo4Oy(0-rh)”’ in samples with x = (.25 heated at 600—
700°C. No evidence was given that these phases contain
tungsten. On the other hand, the phases containing *‘pen-
tagonal columns®® (PCs), namely (Mo, W);0;; and
(Mo,W);;04;, which were abundant in their samples,
have not been seen in the present study. This is not sur-
prising, however, since these phases have only been ob-
tained at temperatures =700°C (24), considerably lower
than those used in the present experiments.

As mentioned above, there is a strong similarity be-
tween these phases and the isostructural MPTBp family
of the monophosphate tungsten bronzes and there are
many analogies between the observations. Variation in
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FIG. 7. An enlarged part of Fig. 5§ showing the splitting of a wide
slab (m = 8) into two thinner slabs in monoclinic orientation.

FIG. 8. An ED pattern of a crystal from sample A showing sharp
superstructure spots between the strong reflections from a [6,6] sub-
structure. The distance between the spots indicates a repeat of ~200 A
in the a direction.
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the widths of the ReQs-type slabs was observed also for
the MPTBs (9), and the split of wide slabs of the type
described above has also been seen in these mixed oxide
phosphates. N _

The intergrowth along (001) of [6,6] and ~[5,7] shown
in Fig. 5 is a particularly interesting feature. So far it has
only been observed once and a detailed analysis and dis-
cussion should be postponed until new evidence and,
preferably, higher resolution images are available. Some
comments may be appropriate here, however. The two
structures [6,6] and [5,7] should ideally have the same
length of the a axis. The latter sequence has a monoclinic
lattice, however, with a 8 angle of ~95°. The ¢ axes are
therefore inclined to each other by ~5°. It was mentioned
above that in the MPTBp family the [5,5] member has not
been prepared; instead the [4,6] structure forms. We thus
have another example of the same type of isomorphism.
In the present case both structures exist simultaneously,
however.

The [5,7] structure occurring here is not regular, but
contains frequent replacements of the 7 slabs by 8 slabs,
which are ~1.6 A wider. A plausible reason for the pres-
ence of these wider slabs would be a mismatch of the
lattices at the interface amounting to ~2.5%. Since the
wider slabs cormrespond to a slightly higher oxidation
state, the splitting of these slabs along part of their
length, by which they are reduced, may simply be a com-
pensation for this.

The question of the origin of this intergrowth does not
have a simple answer at the present stage. It could be a
frozen-in transition state, but it is hard to see which way
the transformation then would go. The [6,6] structure is
more common and regular and should represent a stable
state. If that part is the resulting structure in the transfor-
mation, it is hard to understand the formation of the
~[5,7] part in the first place. It seems more reasonable to
belteve that this feature is a result of a nucleation or
growth defect that has forced the two parts to be inclined.
The growth of structures which match epitaxially at the
interface and which have closely the same composition
has then continued.
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